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DESIGN; EXPERIMENTAL EFEECT OF CHAMBER DIAMETER 

ON LIQUID OXYGEN - HEPTANE PERFORMANCE 

By Marcus F. Heidmann 

SUMMARY 

The e f f e c t  of combustor gas velocity on t h e  performance of a p a i r  
of impinging heptane jets reac t ing  i n  a highly atomized oxygen atmosphere 
w a s  evaluated in a nominal 200-pound-thrust combustor. Contract ion-rat io  
changes r e su l t i ng  from var ia t ions  i n  chamber diameter were used t o  vary 
combustor gas ve loc i ty .  Character is t ic  ve loc i ty  as a funct ion of chamber 
length w a s  obtained f o r  four  diameters corresponding t o  contract ion ra- 
t i o s  of 2.17, 3.60, 6.40, and 11.0. The study was made with a s ing le  in- 
j ec to r  and at  one propellant-flow condition. 

I n  combustors less than 10 inches long, highest performance was ob- 
ta ined  with the  1arge-contraction-r~~;tio combustors. In  chambers grea te r  
than 10 inches long, the  reverse t rend  of performance with contract ion 
r a t i o  w a s  observed. A d i r e c t  comparison of t h i s  experimental e f f e c t  and 
t h e  ana ly t i ca l  e f f e c t  presented i n  t h e  literature showed t h a t  t h e  experi-  
mental r eve r sa l  occurred i n  a longer chamber-and a t  higher performance 
than predicted.  
ance with a decrease in  contraction r a t i o  was similar i n  magnitude t o  
t h a t  indicated ana ly t i ca l ly .  

In  the  high-performance region t h e  increase i n  perform- 

INTRODUCTION 

Experimental and ana ly t i ca l  s t u d i e s  of propel lant  vaporization i n  
rocket combustors are a continuing e f f o r t  a t  the  Lewis  Research Center 
( r e f s .  1 t o  6 ) .  These s tudies  are based on the  hypothesis that propel- 
l a n t  vaporization i s  t h e  control l ing f ac to r  i n  rocket-engine combustion. 
On t h e  bas i s  of t h i s  hypothesis, the e f f e c t s  of various combustor param- 
eters on performance can be calculated,  and spec i f i c  in te rpre ta t ions  of 
experimental data can be obtained. 
experimental e f f e c t  of combustor diameter on performance and an analysis  
of t h i s  e f f ec t  on the  basis of propellant vaporization. 

This paper presents  a study of t h e  
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Chamber diameter w a s  varied, while t he  exhaust nozzle, in jec tor ,  
and propellant flow were maintained as e s sen t i a l ly  f ixed .  Combustor c 

contraction r a t i o  w a s  varied by the  changes i n  diameter. 
flow, combustor gas veloci ty  i s  approximately inversely proportional t o  
contraction r a t i o .  The study of diameter changes, therefore ,  should 
tes t  the e f f ec t  of gas veloci ty  on l iquid-propellant combustion. 

With ideal gas 

Analytical s tudies  i n  references 1 t o  3 report  the calculated 
e f f ec t  of combustor gas veloci ty  on propellant vaporization. The gas- 
velocity index used was t h e  f i n a l  gas ve loc i ty  a t ta ined  i n  a cy l indr ica l  
combustor with complete combustion. Such final gas ve loc i t i e s  represent co 
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specific-contraction-ratio combustors. It was concluded i n  t h e  analyt- 
i c a l  study of reference 3 t h a t  t he  chamber lengths needed t o  obtain 
equal performance vary inversely with the  0.4 power of f i n a l  gas veloc- 
i t y ;  t h i s  was a gross e f f ec t  weighted t o  a condition approaching com- 
p l e t e  vaporization. These ana ly t ica l  r e s u l t s  imply that the  s m a l l -  
diameter chambers produce higher performance than large-diameter chambers 
of equal length.  

Liquid oxygen and heptane were used as propel lants  with an in j ec to r  
t h a t  produced more highly atomized oxygen than heptane. 
intended t o  invest igate  heptane vaporization spec i f i ca l ly  in  order t o  
simulate the ana ly t ica l  model. 

The study was 

APPARATUS AND PROCEDURE 

Combus t o r  

The combustor w a s  designed f o r  a nominal t h r u s t  of 200 pounds a t  a 
chamber pressure of 300 pounds per  square inch with l i qu id  oxygen and 
heptane as propellants.  
0 .791  inch (shown i n  f i g .  1) was used f o r  a l l  tes ts .  
of 1.165, 1.50, 2.0,  and 2.60 inches, giving contraction r a t i o s  of 2 .17 ,  
3.60, 6.40, and 11.0, respectively,  were used. Cylindrical  chamber 
lengths of 2 t o  1 6  inches were t e s t ed .  Nozzle convergence w a s  not al- 
tered f o r  chamber diameter; t h i s  resul ted i n  abrupt cross-sectional area 
changes. The uncooled nozzle, cy l indr ica l  chamber, and in j ec to r  w e r e  
separable units. 

A convergent nozzle with a throa t  diameter of 
Chaniber diameters 

In jec tor  

The injector  used i n  t h e  study, shown i n  figure 2, consisted of two 
impinging heptane jets, 0.089 inch in diameter, w i t h  a 90' impingement 
angle. The f l a t  f u e l  spray was midway between, and p a r a l l e l  with, two 
p a r a l l e l  rows of axial oxidant je ts .  A t o t a l  of 24 oxygen jets, 0.032 
inch i n  diameter, was used. The in jec tor  was intended t o  produce a 
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well-defined, reproducible heptane spray i n  an atmosphere of highly atom- 
ized l i qu id  oxygen. 
were used t o  ensure s o l i d  stream impingement. 
used i n  experimental s tudies  reported in references 5 and 6.  

Fuel tubes having a l a rge  length-to-diameter r a t i o  
A similar in j ec to r  was 

Test F a c i l i t i e s  

A pressurized-tank propellant-flow system iden t i ca l  t o  t h a t  of r e f -  
erence 7 w a s  used. 
by a liquid-nitrogen bath, which extended up t o  the  propel lant  control  
valve and included the  flowmeter and the propellant tank.  Spark igni-  
t i o n  was used f o r  a l l  t e s t s .  

Liquid-oxygen temperature was s t ab i l i zed  at -320° F 

Performance Measurements 

Character is t ic  exhaust veloci ty  c* was used t o  measure engine per- 
Chamber pressure w a s  measured a t  the  in j ec to r  face with a formance. 

direct-recording Bourdon instrument and with a strain-gage pressure 
transducer.  
vane-type flowmeters. Instrument cal ibrat ions indicated an accuracy 
within k2 percent f o r  c*. 
&l percent.  

Propellant-flow-rate measurements were made with ro ta t ing-  

Reproducili l i ty of data  was generally within 

The c* eva lua t ims  are reported as a percentage of t h e  theo re t i -  
c a l  performance at  the  operating mixture r a t i o  (c* e f f i c i ency) .  Theo- 
r e t i c a l  equilibrium performance f o r  heptane and oxygen a t  300 pounds per 
square inch was used ( r e f .  7, f i g .  13). 

Procedure 

Codoustor t e s t s  of approximately 3-second duration were made at a 

A range of m i x t u r e  r a t io s  was covered with several  com- 
desired t o t a l  propellant-flow r a t e  of 0 . 9  pound per  second and a mixture 
r a t i o  of 2 . 4 .  
bustor  assemblies i n  order t o  t e s t  performance s e n s i t i v i t y  t o  t h i s  
parameter. 

EXF'ERIMENTAT, RESULTS 

The experimental charac te r i s t ic  veloci ty  (c*) data a re  shown i n  
f igure  3 as a function of mixture r a t i o  f o r  the  various chamber lengths 
used f o r  each contraction r a t i o .  
t a b l e  I .  

These data  are a l s o  presented i n  
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A s ingle  performance value for each combustor configuration i s  used 
i n  t h e  subsequent analysis .  For t h i s  purpose, t h e  value a t  a mixture 'I 

r a t i o  of 2.4 was obtained from t h e  curves in f igure  3. The values se- 
lec ted  are shown i n  table 11. 

The observed c* is  a performance value uncorrected f o r  momentum 
pressure losses .  The measurement of chamber pressure a t  the  in j ec to r  
face  resul ted i n  an observed pressure t h a t  was higher than t h e  ac tua l  
t o t a l  pressure of t he  exhaust gases. 
of contraction r a t i o ,  with the  l a rges t  loss  occurring in small- 
contraction-ratio combustors. The momentum-pressure-loss correct ion i s  
described i n  reference 8 and other sources; equations (3-13) and (3-41) 
of reference 8 were used t o  make t h i s  correct ion.  Table I1 shows the  
momentum-loss corrections.  

This pressure l o s s  is a function M 
I 
I+ 
(A 
W 

Heat losses  t o  the'uncooled combustors gave an observed c* t h a t  
was lower than ac tua l .  Since heat t r ans fe r  w a s  not measured, a correc- 
t i o n  can only be approximated. The approxiaation used was: 

where and are the  corrected and experimentally observed 
c*, Hcorr and Hobs are the  t o t a l  enthalpy before and a f t e r  heat loss ,  
and AH is the  enthalpy loss due t o  heat t r a n s f e r .  

- 
The enthalpy loss AH was assumed proportional t o  the  product of 

chaniber surface area, mass-flow r a t e  per  un i t  area, and the  square of 
C* The value of c* squared in  th i s  instance w a s  used as an index of 
t he  temperature d i f f e r e n t i a l  between gas and w a l l ,  with t h e  wall temper- 
ature assumed t o  be negl igible .  The enthalpy after heat loss Hobs was 
assumed proportional t o  the  product of t o t a l  weight flow and the  square 
of The value of e* squared in  t h i s  case w a s  used as an index of 
the  t o t a l  temperature. 

obs * 

The heat-transfer correction was computed with the  a id  o f t h e  f o l -  
I n  reference 6, heat- t ransfer  measurements were made with lowing data.  

an in jec tor  ident ica l  t o  tha t  of t h i s  study. 
area of a 2-inch diameter chamber w a s  1.18 Btu per  second per  square 
inch f o r  a c* 
pound per  second of heptane and oxygen. 
combustion of 20,000 Btu per  pound f o r  heptane was assumed. 
r a t i o  of 2.4,  t he  enthalpy ris,e f o r  complete combustion (c* 
f t / s ec )  would be about 4000 Btu per  pound of propel lant .  
loss  i n  the short  nozzles used in  these s tud ies  i s  considered t o  be neg- 
l i g i b l e ,  the heat- t ransfer  correction becomes 

The enthalpy loss  per  un i t  

of 4500 f e e t  per  second and a t o t a l  w e i g h t  flow of 0.93 
For t o t a l  enthalpy, a heat of 

A t  a m i x t u r e  
of 5940 

If the  heat 

" 
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where lCyl and de are the  cy l indr ica l  length and diameter of the com- 
bus tor .  A tabulat ion of these corrections is shown i n  t a b l e  11. 

Corrected values of c* are shown i n  table I1 as a percentage of 
the t h e o r e t i c a l  value (c" 
e* 
and momentum loss as a function of cyl indrical  chamber length  f o r  each 
contract ion r a t i o .  
discuss ion. 

e f f ic iency) .  Figure 4 a l so  shows values of 
e f f ic iency  a t  a m i x t u r e  r a t i o  of 2.4 corrected f o r  heat- t ransfer  

These corrected values are used i n  t h e  subsequent 

ANALYSIS AND DISCUSSION 

General Observations 

Figure 4 shows that ,  i n  chambers less than 10 inches long, hlghest 
performance at a mixture r a t i o  of 2.4 was obtained with large-contraction- 
r a t i o  combustors. 
w i t h  smai i -c i j~tract ion-rat io  combustors. 
improved the combustion in long chambers and was ZetrL=e_n_tal t o  cornbus- 
t i o n  i n  shor t  chambers. This inversion of the e f f e c t  of contract ion 
r a t i o  and gas ve loc i ty  occurred a t  a c* of 80 t o  84 percent of theo- 
r e t i c a l .  The high-performance region could not be f u l l y  explored be- 
cause of t he  onset of combustion i n s t a b i l i t y  and t h e  at tendant  burnout 
problems in long chambers. 

Beyond 10 inches, highest performance was obtained 
A high gas veloci ty ,  therefore ,  

A cor re la t ion  of performance with chamber volume i s  implied by the 
performance cha rac t e r i s t i c  i n  chambers less than 10 inches long. Per- 
formance as a function of charac te r i s t ic  length 
volume/nozzle throa t  area) is  shown in  f igu re  5. Performance does not 
co r re l a t e  with L*; higher performance was obtained i n  small-, rather 
than large- ,  contract ion-rat io  combustors of equivalent L*. 

L* ( cy l ind r i ca l  

The performance trends shown in figure 4 are s i m i l a r  t o  ana ly t i ca l  
r e s u l t s  based on drop vaporization. 
( f i n a l  gas veloci ty)  was computed for  a s ingle  drop i n  reference 1 and 
f o r  a d i s t r ibu t ion  of drop s i zes  i n  reference 2 .  In both cases a reduc- 
t i o n  i n  contract ion r a t i o  decreased the length of combustor needed f o r  
complete vaporization. T h i s  e f fec t ,  however, was not constant through- 
out tht? vaporization period. During the  i n i t i a l  vaporization phase, as 
shown i n  reference 1, an inverse effect  of contraction r a t i o  was ob- 
ta ined .  Inversion occurs i n  the region where combustion gas ve loc i ty  
begins t o  exceed drop veloci ty .  This ana ly t i ca l  result is s i m i l a r  t o  

The e f f e c t  of contract ion r a t i o  
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t he  experimental e f f e c t  shown i n  f igure  4, where e f f ic iency  improves 
with an increase in  contraction r a t i o  i n  t h e  low-efficiency region and 
the  inverse e f f e c t  becomes evident as ef f ic iency  increases .  

Analytical  Effect  

A more complete analysis  of t h e  experimental r e s u l t s  can be made by 
u s i n g t h e  ana ly t i ca l  r e s u l t s  from reference 2 as a bas is  f o r  comparison: 
The calculated r e s u l t s  are f o r  a heptane spray with a mean deviation of 
2 .3 ,  which approximates the  drop-size d i s t r ibu t ion  obtained with imping- 
ing j e t s .  
The effect ive length i s  an adjustment of combustor length f o r  t yp ica l  
combustor parameters. I n  the  process of obtaining t h i s  cor re la t ion ,  the  
independent e f f e c t  of contraction r a t i o  ( f i n a l  gas ve loc i ty) ,  as wel l  as 
other  combustor parameters, was computed. Figure 6 shows the independ- 
en t  e f fec t  f o r  contraction r a t i o s  of 2.17, 3.60, 6.40, and 11.0. This 
specif ic  ana ly t i ca l  r e s u l t  is used i n  in te rpre t ing  the  experimental da ta .  

Mass vaporized was correlated with an effect ive- length f ac to r .  

. 

Normalization of D a t a  

The independent e f f e c t  of contraction r a t i o  shown i n  f igure  6 i s  
f o r  a chamber pressure of 300 pounds per  square inch, i n i t i a l  drop tem- 
perature of 50O0 R, i n i t i a l  drop ve loc i ty  of 100 f e e t  per  second, and a 
m a s s  mean drop radius of 0.003 inch. The experimental data were normal- 
ized t o  these conditions, with a l l  mean performance values assumed t o  be 
f o r  a t o t a l  flow r a t e  of 0.9 pound per second. 
tors reported i n  reference 3, the  following expression fo r  normalized 
length was used: 

,. 

Based on cor re la t ion  fac- - 

Normalized combustor length = 

r 1 

where 

LC combustor length adjusted f o r  nozzle e f f e c t ,  i n .  

b y 1  cy l indr ica l  chamber length,  i n .  
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exhaust nozzle length, i n .  In 

pC 

pn 

t o t a l  pressure a t  nozzle i n l e t ,  lb/sq i n .  

average nozzle s t a t i c  pressure, lb/sq in. 
- 

*r rat i o  of i n i t i a l  t o  c r i t i c a l  temperature f o r  heptane ( c r i t i c a l  
temp., 969O R )  

-I 

P 
3 r mass mean drop radius, i n .  

f i n a l  combustor gas veloci ty ,  f t /sec 

average nozzle gas veloci ty ,  f t /sec 

UC 

Un 

vO i n i t i a l  drop velocity,  f t /sec 

This expression was evaluated i n  the  following manner. 

: 
- 

Chamber pressure.  - With constant total-weight-flow operations the  
chamber,pressure var ied d i r e c t l y  with c* e f f ic iency .  The data were 
normalized t o  300 pounds per square inch by multiplying combustor length 
by the  f a c t o r  (Pc/300) (eq.  3 ) .  

I n i t i a l  drop temperature. - No correction f o r  i n i t i a l  temperature 
was made. 
reference condition. 

In jec t ion  temperatures were very near ly  equal t o  500° R, the  

I n i t i a l  drop veloci ty .  - The inject ion ve loc i ty  f o r  t he  experimental 
For a '30° impingement of t h e  data being analyzed was 65 f e e t  per  second. 

j e t s  a r e su l t an t  veloci ty  of 46 f e e t  p e r  second is  obtained and i s  as- 
sumed t o  be t h e  i n i t i a l  drop veloci ty .  The combustor. length w a s  in- 
creased by the  f ac to r  (100/46)0.75 
f e e t  per  second. 

in order t o  normalize the  data t o  100 

Drop radius .  - Drop-size data for jets impinging within a combustor 
a r e  not avai lable ,  and a drop s i z e  had t o  be assumed. A mass mean drop 
radius of 0.0107 inch w a s  assumed, and chamber length w a s  reduced by t h e  
f ac to r  (0.003/0.0107)o-4 f o r  a l l  conditions. 
sumption, t he  drop s i z e  was compared w i t h  drop-size measurements f o r  im- 
pinging jets in various gas-velocity environments reported i n  reference 
9 .  For the  j e t  conditions used i n  these tests,  reference 9 data indicate  
that  a mean drop radius of 0.0107 inch i s  produced by a ve loc i ty  d i f f e r -  
ence of 10 feet per second between gas and jet;  t h i s  indicates  a gas ve- 
l o c i t y  of e i t h e r  55 or  75 f e e t  per  second i n  the  region of spray forma- 
tion. 

As a check on t h i s  as- 

Such gas ve loc i t i e s  appear reasonable for these t es t s .  



Nozzle length and conditions.  - A conibustor length equal t o  t h e  
cy l indr ica l  length plus an adjusted nozzle length w a s  used. Actual noz- 
z l e  length w a s  1 inch i n  a l l  tests;  t he  length w a s  modified, however, t o  
account f o r  t he  f ac t  t h a t  veloci ty  was higher and pressure w a s  lower 
than in  the  cy l ind r i ca l  chamber. The following adjustment w a s  used: 

. 

where Fn/Pc 
sure, and Un/Uc 
chamber ve loc i ty .  For a cr i t ica l - f low nozzle, t he  throa t  pressure equals 
about one-half t he  chamber pressure, which gives a equal t o  0 . 7 5 .  
The r a t io  of nozzle e x i t  t o  entrance veloci ty  i s  approximately equal t o  
3 - Ac/At (contract ion r a t i o ) .  Therefore, Un/Uc would equal 

3 2 
1/2 (1 -k 2 A,/At). 
were added t o  cy l indr ica l  chamber length t o  obtain a t o t a l  combustor 
length as indicated i n  t ab le  11. 

was the  r a t i o  of average nozzle pressure t o  chamber pres- 
was t h e  r a t i o  of average nozzle veloci ty  t o  f i n a l  

- 

sn/Pc 

- 

Adjusted nozzle lengths based on these assumptions 

Propellant vaporized. - The f r ac t ion  of propellant vaporized w a s  
computed from c* eff ic iency,  with propellant vaporization assumed t o  
be t h e  s ingle  process control l ing combustion. The f r ac t ion  of heptane 
vaporized was computed by the  method described i n  reference 4 .  
oxygen vaporization was assumed f o r  a l l  conditions.  

Complete 

Comparison of Analytical  and Experimental Data 

The normalized experimental data  are shown i n  f igure  7 ,  where the 
f r ac t ion  of heptane vaporized is  presented as a function of normalized 
length.  When f igure  7 i s  compared d i r e c t l y  with the  ana ly t i ca l  r e s u l t s  
i n  f igure 6, t h e  experimental length needed t o  vaporize a given f r ac t ion  
of heptane agrees with the  ana ly t ica l  r e s u l t .  Some detailed differences 
i n  ana ly t ica l  and experimental r e su l t s ,  however, a r e  evident: The in- 
verse e f fec t  of contraction r a t i o  i s  predicted t o  occur at a length of 1 
inch w i t h  30 percent of t he  heptane vaporized; t h i s  condition occurs ex- 
perimentally a t  a length of about 3 inches with 60 percent of t he  heptane 
vaporized. 

When t h e  data of f igure  7 a re  extrapolated,  t he  e f f ec t  of contrac- 
t i o n  r a t i o  on propellant vaporized agrees qua l i t a t ive ly  with ana lys i s .  
The extrapolated curves a t  90 percent heptane vaporized show t h a t  length 

var ies  inversely by the  f ac to r  Analytically t h e  f ac to r  w a s  
Within +,he precis ion of t h e  extrapolation, quant i ta t ive  - 
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agreement between t h e  ana ly t i ca l  and experimental e f f e c t  of contraction 
r a t i o  may be assumed. Figure 8 shows the da ta  normalized t o  a contrac- 
t i o n  r a t i o  of 3.15. Chamber length was ad?justed by the  f a c t o r  

f o r  t h i s  normalization. The shaded area i n  f igu re  8 indi-  (3qe4 
ca tes  the  degree of cor re la t ion  obtained with ana ly t i ca l  r e s u l t s .  A 
comparatively poor co r re l a t ion  of t h e  experimental r e s u l t s  i n  t h e  in i -  
t i a l  phases of vaporization i s  evident; however, t h e  co r re l a t ion  improves 
i n  approaching t h e  region where 7 0  percent or more of t h e  heptane i s  
vaporized. 

Limitations of Experimental Tests 

Differences between conditions of t he  experimental t e s t s  and the  
ana ly t i ca l  model may have contributed t o  a lack  of complete cor re la t ion  
of r e s u l t s .  Although these  differences cannot be resolved from t h e  da t a  
in t h i s  study, t h e  following p o s s i b i l i t i e s  ex i s t :  

(1) Median drop s i z e  may change when combustor parameters vary. 
In t e rp re t ing  the  da t a  on t h i s  bas i s  would require  a decrease i n  drop 
s i z e  with an increase i n  contract ion r a t io ,  with the  e f f e c t  diminishing 
as chamber iength increases. If spray breakup occurs when spray veloc- 
i t y  i s  higher than gas veloci ty ,  the  veloci ty  difference woiild increase 
with contraction r a t i o  and thereby reduce drop s i z e .  This effec-t  would 
diminish as chamber length increases. An ana lys i s  of gas ve loc i ty  sim- 
ilar t o  t h a t  made i n  reference 6 indicates t h a t  near t h e  i n j e c t o r  t h e  
gas-velocity changes with contract ion r a t i o  a r e  l e s s  severe i n  long, 
r a the r  than shor t ,  chambers. Additional combustion da ta  and an exten- 
s ion of atomization theory i n  accelerat ing gas media a r e  needed, however, 
f o r  an evaluation of t h i s  e f f e c t .  

( 2 )  Spray cha rac t e r i s t i c s  may change bezause of w a l l  in terference 
when combustor diameter var ies .  Large diameters may favor spray develop- 
ment and vaporization and thus counteract t h e  e f f e c t  of contraction r a t i o  
on performance. The independent e f fec t  of contract ion r a t i o  should not 
include the  e f f e c t  of w a l l  interference. 

( 3 )  Exhaust nozzle e f f ec t s ,  predicted on the  bas i s  of average veloc- 
i t y  and pressure conditions, showed an increase in  e f f ec t ive  nozzle 
length with an increase i n  contraction r a t i o  ( t ab le  11). 
crease i n  e f fec t ive  length is  probable i f  r a t e  of change i n  ve loc i ty  and 
pressure a r e  considered. I n  a constant-length nozzle, as w a s  used i n  
these tes ts ,  both veloci ty  and pressure change more rapidly a s  contrac- 
t i o n  r a t i o  i s  increased. These sudden changes may cause drop sha t te r ing  
and contr ibute  t o  the  high performance of large-contraction-ratio com- 
bus tors .  Tile e r f ec t  woiild be most severe i n  short  chambers when la rge  
heptane drops en te r  t he  nozzle. Additional infommtion en the dynamics 
of drops i n  convergent nozzles i s  needed t o  resolve t h i s  e f f e c t .  

A l a rge r  in- 
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SuMMARr OF RESULTS 

Character is t ic  veloci ty  as a function of chamber length w a s  obtained 
f o r  four chamber diameters corresponding t o  contract ion r a t i o s  of 2 .17 ,  
3.60, 6 .40,  and 11.0. The following r e s u l t s  were obtained: 

1. I n  combustors less than 10 inches long, highest performance was 
obtained with l a rge  contract ion r a t i o s  (low combustor gas ve loc i ty ) .  
High performance with small contraction r a t i o  (high cornbustor gas veloc- 

The inversion i t y )  developed i n  combustors grea te r  than 10 inches long. r 
occurred a t  a cha rac t e r i s t i c  exhaust ve loc i ty  of 80 t o  84 percent of w I+ 

CD t heo re t i ca l .  

2 .  A n  inversion in  t h e  e f f e c t  of contraction r a t i o  on performance 

The experimental inversion occurred a t  a longer length  and 
i s  i n  agreement with ana ly t i ca l  r e s u l t s  based on drop vaporization 
theory. 
higher performance than t h a t  predicted.  

3 .  In the  high-perfomnee region, t h e  increase i n  performance with 
a decrease i n  contract ion r a t i o  w a s  similar i n  magnitude t o  t h a t  pre- 
d ic ted  on t h e  basis of drop vaporization. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, June 25, 1959 
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TABLE I. - EXPER1MENTA.L PERPORMMiCE UA'I'A 

Run Fuel Ox idan t  T o t a l  Chamber Mix tu re  Charac-  Run 
flow f l o w ,  flow, p r e s s u r e  r a t i o  t e r i s t i c  

lb/seh l b / s e c  lb / sec  lb/sq i n :  v e l o c  I t y  , v e l o c i t y ,  
f t / s e c  

Diameter, 1 .165  i n . ;  c o n t r a c t i o n  r a t i o ,  2 .17  Diamete r ,  1.50 i n . ;  c o n t r a c t i o n  r a t i o ,  3.60 

Leng th ,  2 i n .  

1 7  0.290 0 .675  0.965 160 2.33 2620 20  0.269 0 .645  0.914 161.5 2.40 2790 
18 .265 .635 .900 147 2 .40  2580 2 1  .262 .650 .912 152 .5  2 .48  2640 
1 9  ,245 .647 .892 142 2 .64  2520 22 .260 .633 .e93 150.5 2 .43  2660 

Length,  4 i n .  

48  0.266 0 .635  0.901 198 2.39 3460 23  0.249 0.660 0 .909  187  2 .65  3250 
49 ,267 .633 , 900  194  2.37 3400 24 .248 .640 .e88 1 8 4  2 .58  3270 
50 ,251 .640 .E91 1 9 3 . 5  2 .55  3430 25 .251 ,628  .879 1 8 1  2.50 3260 
51 ,246 .630 .876 192 2.56 3460 

LenKth. 6 i n .  

26 0.245 0.643 0.888 226 2 . 6 3  
27  .252 .633 .885 226 2 .51  
2 8  .258 .620 .878 226 2 . 4 0  

- 
1 2  
37 
38  
39 
84 
85 
86 
ti7 
88 
89 
90 - 

0.259 
.248 
.258 
.260 
.251 
.323 

.403 

.218 
,357  
,277  

.la5 

0 . 6 3 5  
.618  
.612 
.612 
.623 
,564  
.692 
,477  
.6 50 
,521  
.590 

0.894 265 
.866 259 
.e70 255.5 
.e72 260.5 
.874 256 
.887 254 
,877 252 .5  

,868 257 
.E78  250 

.ea0 243 

.a67 257 

2 .45  
2.49 
2.37 
2 . 3 5  
2 .48  
1 . 7 4  
3.74 
1.18 
2.98 
1 .46  
2.13 

Length,  8 

4620 
4520 
4550 

4500 
4680. 97 ___ 

Lenuth.  1 2  

3.238 0.610 0.848 209 2.56 3890 
.253 ,620 , 873  215 .5  2 .45  3900 
.251 1 . 675  I ,926 I 229 I 2.69 1 3900 I 

5 . 3 4 9 5 6 6  
.378 .511 
.221 .722 
,283  .668 
.249 ,620 
.322 .556 
. I 9 0  .709 
. 4 o i  .4d5 
.227 .660 
, 357  .512 
.277 .598 

.878 I 244 

.a99 242.5 

.672 255.5 

.e87 1 241 

.869 239 

. e75  243 

0.622 1 0 . 8 6 1  

1 .62  
1 . 3 5  
3.26 
2.36 
2 .49  
1 .73  
3.73 
l.i4 
2.91 
1 .43  
2.16 

I 4300 
4250 
4210 
4300 
4450 
4380 
4260 
4290 
4300 
4350 
4380 

98 0.278 0 .643  0.921 310 2 . 3 1  
99 .262 .646 ,908 302 2 . 4 7  

~ 

Diameter, 2 . 0  i n . ;  c o n t r a c t i o n  r a t i o ,  6 .40 Diamete r ,  2 .62 i n . ;  c o n t r a c t i o n  r a t i o ,  11.0 
-.___ --~~_____._ - - - _ _ ~ _ _ _ _ _ ~ ~  

2.64 3560 
2.32 3560 
2.29 3680 
2.39 3620 
2.56 3650 

3530 
Length,  4 i n .  

3920 51 0.200 0.566 0 .768  212 2.84 4360 
2 .65  ' 4320 

3980 53 .245 ,630 . a75  241.5 2.57 I 4360 
54 .246 .623  .E69 242 .5  2.53 ] 4410 

Length,  6 i n .  
II I I 11 63 10 .239  

0 .627  0.873 
.600 1 .e62 
.640 .875 
I--- 

Length,  8 i n .  
T 10 0 . 2 5 5  0.622 0.877 261.5 2.44 4710 44 0.246 

$1 .248 , 6 4 0  .E88 258.5 2 .58  4600 46 ,262 
12 .249 .637 .e86 257 2.5C 4580 47 .235  

' 

~~ 

~ _ _ _ _  .~ Length,  1 2  i n .  

i $7  0 . 2 4 5  0.623 0.868 273.5 2 .54  4970 
4930 58 ,249 ,638 .88' 276.5 2.55 

$9 256 ,655 , 891  277 .5  2 . 4 5  4920 
70 1 1259 ,623 ,882 276 .5  2 . 4 1  4950 

7 1  0 .245  0.642 0.887 
72 1 ,242 .r:26 ,868 
73 ,246 .610 .E56 _ _  $ : i F T  275 - 2.411 - 5080 

I 
Length,  1 6  i n .  

i-1- 



? 
U 

I 

M L n M i t O  
w ~ m c m  
O 3 r l N d  
. . . . .  P - d r l i C  

m o w c ' , ,  
O r l d c ' W  
. . . .  m m m m  

m m P - w  
O d N M  
. . . .  

3 
ID- 

0 

w 3 

3 

Ln 

0 

m LD c 

0 

c 

m m c m  

M m w C  
. . . .  

m w m o  

d 
Urd -.c* O a J O  

. Q l  o u  
N F I  
i W k  P.0 

8 . .  

r l c  Ria*. 
E W M C  
fi N S i  
O d  Ql z r l  

? N . ? ' ? C  
m w m w ~  
3 N M d u  

r l r l N N  
m m c m  
r l N M d  
. . . .  m m c d  

O r l N C I  

r 
ru 
a 
0 

0 H 

B 4 

w 
5 
X 

x 
i-. 
4 

W V z 
I 
0 

c 
W 

4 ci h 

E? 
e: 
L L  

w 
G4 
0 

z 
0 H 

r3 

N H 

rl - 
0 

a 
< 
z 0 
H e 

w 
3 

I 

H H 

W 

o m m m a  
' 4 ? " . 7 "  
O r l r i N C  

" N r u n !  
h d d 3 r l  

M m c m ~ ~  
. . . . .  

rl 

r l d d r l  
w w w m  

r l 3  

. . . .  
m m ~ ~  

c c c >  

m m c v  
m m m o  . . .  I 

P- 
ap 
ri 

N M 

rl 

w cu L? m m 
d i t N 3 m  
w r - r n m m  
0 
. . . . .  

w d m w  

. . .  : 
0 

U r m m  
5 m r i n  

m m m  . . . .  
3 

V I  a d  .u 
* b  x c  
0 4  0 W 
m a , c o  
fi a , f i  
h 4 W  
0.  o a  
0 0  

a 
P O  
0 - *  @. * m 

f i *  
0 %  U 

h 0\ 

- m m r (  

m c m m  
. . . .  

n o d m P -  
3 r l d d N  

i d d - l d  
? ? ? ? ?  

- d o c  
3 3 o l N  

l r i r l r i  
? ? ? ?  

i m m o  
3 0 0 -  

i d r i d  
? ? ? ?  

r l d r i r l r l  

3 
D n 

; 

4 
n n 

5 
t n n 

; 0 

0 0 0 0 0  
c d d m m  
L D i t O ( D N  
N N I d d ' L D  

3 0 0 0 0  

M O  u m m i t m  
? K g w m  

N + to m cu 
3 

u d w m  

I 

3 

D 

+ 
N 

? 

U 



14 

Figure 1. - Exhaust nozzle and entrance configuration. 
( A l l  dimensions i n  inches. ) 
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T A 

Fuel - -  

1 
I 
A 

24 Holes 
0.0320 dim. 

Fuel -- 

0.25 O-g*?y L 0.125 O.D. xO. 018 
w a l l  (0.089 I.D.) 
tubing 

Section AA 

Figure 2 .  - In jec tor  design simulating impinging-jet f u e l  spray i n  
a highly atomized oxidant atmosphere. ( A l l  dimensions i n  inches. 
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( c )  Diameter, 2.0 (d )  Diameter, 2.62 
inches; contraction inches; contraction 
ratio, 6.40. r a t i o ,  11.0. 

Figure 3. - Concluded. Combustor performance. 
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